In this paper, we report on the recent progress in fabrication and high-frequency experiments of Bi 2 Sr 2 CaCu 2 O 8+x (BSCCO) intrinsic Josephson junctions (IJJs). Using a newly developed double-sided fabrication process, we single out a well-defined number of IJJs in a well-defined geometry from inside a slice of a BSCCO single crystal. We discuss in detail the observations of both Shapiro steps and harmonic mixings in the terahertz region, and we indicate the possible applications in spectroscopy.
Introduction
Since the discovery of high-T C superconductors, many efforts have been made to explore their applications at high frequencies, making full use of their high-energy gap. Although artificial and natural grain boundary junctions are good candidates for many high-frequency applications, as revealed by the observation of Shapiro steps and frequency mixings [1, 2] , there is much room for improvement, such as junction reproducibility, operation towards the terahertz (THz) region and even higher frequencies, high-frequency coupling, etc. Intrinsic Josephson junctions (IJJs) in high-T C superconductors [3, 4] , a system of Josephson junctions in series which are well compacted at atomic scale, are very promising in this regard for several reasons: being intrinsic, the junctions should be rather homogeneous; an array of IJJs should show rather high resistance, making it less difficult to match to external circuits than with a single junction; operation at THz or even higher frequencies should also be possible due to the high-energy gap [5, 6] , etc.
In our attempts to fully explore these possibilities, we have developed a double-sided fabrication process enabling us to fabricate a well-defined number of IJJs in a welldefined structure. The samples show clear Shapiro steps with irradiation up to 2.5 THz, making many electronic applications possible. In this paper we report on the observations of Shapiro steps and harmonic mixings at the THz region, as well as indicating possible applications in spectroscopy.
Sample preparation
Many structures on various materials have been developed since 1992 for studies of IJJs [3, [7] [8] [9] [10] [11] . While all the methods have been quite successful to various extents, there are still some remaining problems; for example, the junction number in a stack is not well controlled, and in a stack of junctions the outermost one is often considerably degraded, etc. The basic idea of our double-sided fabrication is to single out, from inside a Bi 2 Sr 2 CaCu 2 O 8+x (BSCCO) single crystal, a slice 200-300 nm thick in which there are a stack of IJJs plus something integrated to it such as a bow-tie antenna, chokes, etc. Thus any surface degradation during fabrication can be avoided and all the junctions involved are really intrinsic. Although the double-sided fabrication process based on photolithography and argon ion milling has been reported elsewhere [12] , we wish to mention it briefly here. A BSCCO single crystal is photolithographically patterned into the shape of a bow-tie antenna (plus some other circuits if necessary) on its surface, and etched by argon ion milling for 200 nm, leaving a mesa sitting on the BSCCO pedestal. The central part of the bow-tie antenna is a micro-bridge, a few micrometres wide. Then, using photolithography and ion milling, a vertical step is fabricated mid-way between the bow-tie centre and one of the banks. The patterned mesa is then glued onto another substrate and cleaved from the large pedestal. The cleaved single crystal looks like a thin film about 200-300 nm thick on the substrate, with a step underneath. Finally, starting from the top surface, another step on the opposite side from the bow-tie centre is made, followed by deposition of gold electrodes for current-voltage (I−V ) measurements. In figure 1 we show a schematic diagram of a stack of IJJs integrated with a bowtie antenna and radio-frequency (rf) choke filters on a MgO or silicon substrate; a close-up of the IJJs and the antenna is shown in the inset. The junctions in the fabricated stack are very uniform, and the number of junctions involved is rather controllable (so far it can be controlled down to a few). Potentially it will be possible to use this method to fabricate integrated circuits based on IJJs in high-T C superconductors.
Terahertz responses
In our experiments, a far-infrared (FIR) laser optically pumped by a CO 2 laser is used as the signal source. Irradiation is fed to the samples from the substrate side. The planar bowtie antenna, the MgO or silicon substrate and an extended hyperhemispherical silicon lens form a quasi-optical system [13, 14] . In the mixing experiments to be reported later, local oscillation at a few to 20 GHz is fed to the samples from another side via a rigid coaxial line whose inner conductor extrudes to form an antenna near the stack of IJJs.
Our samples are very sensitive to irradiation up to 2.5 THz with clear Shapiro steps observed at voltages of Nhf FIR /2e figure 2(a) we can see only one Shapiro step at 57.8 (= 3.4 × 17) mV under 1.6 THz irradiation, indicating that it is the sum of the contributions from each of the 17 junctions at 3.4 mV. Thus, in the stack, the applied radiation is quite evenly distributed among the junctions, which are almost identical to each other. Similar results have also been achieved with irradiation at 2.5 THz.
The power dependence of the Shapiro steps under THz irradiation is also studied (see figure 3) . Clearly we can see that with the increase of the power level, the heights of the steps increase. Although at frequencies as high as 1.6 or 2.5 THz we are unable to obtain enough power or to adjust it finely to have a full Bessel function-like behaviour of the step height, at 760 GHz this is possible. Also, it can be clearly seen from figure 3 that when the power level is low, some steps are not vertical but have finite slopes, when the power level is increased to a certain level, they become vertical. We believe that the finite slopes can be attributed to the unstable phase locking between the external irradiation and the internal Josephson oscillations. 
Possible applications in spectroscopy
Shapiro steps in the I−V curves of IJJs are of great value in spectroscopy, particularly at the THz region where other spectroscopic tools are rare. To demonstrate this possibility, we fill the FIR laser with CH 2 F 2 , use the 9R32 line of the CO 2 laser to pump it, and apply the output from a slightly misaligned resonator to the IJJs. Very interestingly two steps are observed corresponding to two different frequencies of 1.6266 THz and 1.5461 THz ( figure 4(a) ). Tuning the resonator back to its well-aligned state, there is only one step left, with a much larger height ( figure 4(b) ). Therefore, the Shapiro steps provide us with much important information on both the amplitude and the frequency of the signal under test. When the signal is very weak, derivative measurements of I−V characteristics can be carried out to enhance sensitivity.
An alternative way for carrying out spectroscopy is frequency mixing. With the signal at terahertz and higher frequencies, the wise choice is harmonic mixing, applying both a FIR signal and a microwave signal at a much lower frequency to the IJJs. Figure 5 shows a typical intermediate frequency (IF) signal observed on a spectrum analyser as a mixing product between the 90th harmonic of the local oscillation frequency f LO = 18.09009 GHz and the fundamental FIR laser signal. The IF signal-to-noise ratio is about 36 dB, and the FIR laser frequency is calculated to be 1.62661 THz (= 90 × f LO − f IF ). These results show that we are able to accurately measure the frequency of our FIR laser, and moreover the signal-to-noise ratio is large enough to drive a phase-locking system for higher long-term stability [15] . 
Conclusions
With our recently developed double-sided fabrication process, we are able to fabricate arrays of BSCCO IJJs integrated with bow-tie antenna, filter chokes, and other circuits. Clear observations of Shapiro steps up to 2.5 THz, as well as harmonic frequency mixing with a large signal-to-noise ratio, have stimulated great interest in possible high-frequency applications of IJJs, such as spectroscopy, etc.
